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Abstract
Upper Critical Fields of the Superconducting

Layered Compounds Nbl_xTaxSe2

Bruce Jameson Dalrymple
Yale University

1983

The superconducting upper critical field HcZ(T) has been measured

for the layered compounds Nbl_xTaxSe (0 £ x £ 0.20) with the magnetic

2
field oriented both parallel and perpendicular to the layer plane. The
goal of this study has been to wuse substitutional alloying to
investigate the affect that altering the composition has on the critical
fields in a series of anisotropic superconductors. Single crystals of

the 2H phase have been grown by the vapor-transport technique, primarily

using selenium as the transporting agent.

Just below Tc' upward curvature is seen in ch(T) for both field
directions and for all compositions. This effect is larger with the
field oriented parallel to the layer plane, and decreases with
increasing Ta content. The amount of upward curvature appears not to be
a function of the crystal quality. Since the charge-density wave
present in NbSe2 is supressed by alloying, it is also unlikely that the
charge-density wave causes upward curvature. At low temperatures,
ch(T) displays enhanced linearity compared to the prediction of the

isotropic theory, and shows no evidence of Pauli paramagnetic limiting



for the parallel field orientation.

The critical field slopes just below Tc change only slightly with
composition. The perpendicular slope decreases and the parallel slope
increases as the Ta content is increased. The critical field anisotropy
of NbSe2 is approximately three and increases with the Ta content. These
effects can be qualitatively understood by incorporating the known
changes in Tc, and by assuming small band structure and mean-free-path

effects.

ch(T) has been calculated for a series of Fermi surface models.
These calculations indicate that Fermi surface anisotropy can explain
the upward curvature and enhanced linearity seen in the experimental
data. The calculations also show that the ch(T) data are consistent
with a Fermi surface which consists of open undulating cylinders and an

additional smaller closed piece.
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Frequently Used Symbols and Abbreviations

SYMBOL MEANING

BCS Refers to the Bardeen-Cooper-
Schrieffer theory

c Speed of light

CDW Charge-density wave

e Magnitude of the electronic
charge

EF Fermi energy

fr Resonant freguency

f° Undamped resonant fregquency

fa Driven frequency

GL Refers to the Ginzburg-Landau
theory

h Planck's constant

HC(T) Critical field of a type I

superconductor or the thermodynamic
critical field of a type II

superconductor
Hcl(T) Lower critical field (type II)
HcZ(T) Upper critical field (t pe II)
chH(T) Upper critical field, H parallel to
the layer plane
chl(T) Upper critical field, H perpendicular
to the layer plane
Hc3(T) Critical fie}d.for surface
superconductivity
Hp Pauli paramagnetic limiting field
Hp“ Simple theoretical estimate for Hp
kB Boltzmann's constant
k Electron wavevector

£ Electron mean free path
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Electron mean free path
Electron mass
Free-electron mass

Electronic density of states at
the Fermi level

Resonant circuit quality factor
Residual-resistance ratio

Transition metal dichalcogenide

CDW onset temperature

CDW lockin temperature

Superconducting transition temperature
Reduced temperature

Midpoint temperature; zero-field
transition curve

Midpoint temperature; transition in
an applied field

Extrapolated high-temperature end
of a transition curve

Fermi velocity, rms average over the
Fermi surface

Electron velocity at a point on the
Fermi surface

Width of the superconducting transition

Coefficient of the low-temperature
electronic heat capacity

Normal-state electromagnetic penetration
depth

Zero-temperature energy gap
Strong-coupling correction factor
Debye temperature

Ginzburg-Landau parameter
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hep(T)

£(T)

ix
Superconducting magnetic field
penetration depth
Electron-phonon coupling parameter
Value of xep(T) at low temperature

Normalized electron scattering rate,
potential scattering

Normalized electron scattering rate,
spin-orbit scattering

Ginzburg-Landau coherence length

BCS coherence length

Resistivity

Conductivity

Electron lifetime

Magnetic flux quantum

Gor'kov function, susceptibility (Chapter 4)

Ginzburg-Landau wavefunction



1. Introduction

This thesis describes a study of the upper critical field ch(T) of

the superconducting metallic compounds Nbl_xTaxSe (0 € x < 0.20).

2
These compounds belong to the chemical family of transition metal
dichalcogenides (TMDC). These materials adopt a layered crystal
structure similar to that of graphite. Thus, they can be expected to
exhibit very anisotropic physical properties. NbSe2 has been very

extensively studied, both in this work and in previous studies, and

therefore provides a convenient reference point.

The upper critical field ch(T) of very anisotropic superconductors
exhibits certain characteristic features not normally found in
isotropic, or nearly isotropic, systems. Specifically, positive
(upward) curvature is frequently seen just below Tc and extended
linearity at low temperatures has also been observed. This study was
undertaken to investigate the effect that substitutional alloying of Ta
into NbSe2 has on the temperature dependence and the magnitude of the
upper critical field. Such alloying should allow systematic control of
the electron mean free path g, ideally going from the clean limit (g >>
£y) to the dirty limit (g << Z,). Here , is the BCS coherence length, a
fundamental, material-specific length scale characterizing the
superconducting state. BAlloying will also affect the band structure of

these materials.

Chapter II contains an introduction to the crystal structure and

physical properties of the TMDC's generally and NbSe, specifically. The

2

band structure is emphasized, since the electronic properties,

especiaily the Fermi surface topology, are very important for

1



2
determining ch(r). Because of the quasi-two-dimensional nature of the
band structure, NbSez, like most TMDC's, has an electronic charge-
density wave at low temperatures. The charge-density wave found in
quasi-two dimensional materials is a manifestation of the same physical
phenomenon as the Peirels instability found in in one-dimensional
metallic systems. s Charge density waves are discussed here since the

perturbation that the they impose on the band structure directly affects

the superconducting properties.

The purpose of this study has been to investigate the effects of the

introduction of impurities into the NbSe, crystal lattice. It is clear

2
that high quality crystals are required for such a study. Of egqual
importance is the fact that high quality single crystals are generally
required for critical field studies in very anisotropic systems. For
these reasons, considerable attention has been paid to the crystal
growth process. While much basic information is availabie in the
literature concerning the growth of TMDC crystals, a number of details

had to be worked out for the Nbl_xTaxSe system. The crystal growth

2
work is described in Chapter III.

Chapter IV describes the experimental techniques used to measure the
superconducting properties. Most of the instrumentation used to produce
and measure the required magnetic fields and low temperatures is of
fairly standard design. However, the circuitry used to detect the
superconducting-to-normal phase transition has to be usually sensitive.
This is because the better quality crystals of Nbl_x'l'axSe2 we have

produced are rather small, with diameters of only a few hundred

micrometers (microns). The apparatus designed to measure these samples



is described in detail.

Chapter V reviews the theory of HcZ(T) as a prelude to the
discussion of our measured critical field properties in Chapter VI. &
completely general theory has yet to be worked out, even within the
constraints of the BCS model. However, a number of important specific
models have been solved, and it is usually possible to sensibly compare

experimental results to the predictions of these models.

Chapter VI is the central chapter of this thesis. The measured

superconducting properties of the Nbl_xTaXSe crystals are reported

2
here, as is an analysis of this data. While the critical field
properties have been measured accurately, only a semi-quantitative

analysis is possible due to the complex nature of these materials and

the lack of values for certain "normal-state" parameters.

It will be argued that Fermi surface geometry is a primary factor in
determining the form of HcZ(T)' so it is of some interest to determine
what type of Fermi surface characteristics are of importance. Chapter
VII is concerned with computer modeling which has been done using
various Fermi surface models to calculate ch(T) in anisotropic systems.
Such calculations are also of interest as they allow various proposed

band structures for NbSe2 to be critically assessed.

Finally, the thesis will conclude with a summary of the major

conclusions reached. We will also present suggestions for further work.



Il. The Transition Metal Dichalcogenides

The physical and electronic properties of the TMDC's are dominated
by anisotropy effects which are caused by the particular type of crystal
structure and chemical bonding these materials adopt. This crystal
structure and the resulting electronic band structure are described in
this chapter. The band structure is important here because the Fermi-
surface topology is very important for~detefmining the upper critical

field ch(T).

This chapter also includes a discussion of charge-density waves
(CDW), a low-temperature lattice distortion common in materials of lower
dimensionality. It is important to include such a discussion since
CDW's influence the superconducting properties of the Nbl_xTaxSe2

compounds via their effect on the band structure.

II.1 Crystal Structure and Bonding

Many transition metals react with the chalcogens (sulfur, selenium,
and tellurium) to form compounds with a layered crystal structure
similar to that of graphite, and having the general formula MXZ M =
metal, X = chalcogen).?1,2,3 The most extensively studied TMDC's are the
disulfides and diselenides of group IVB (Ti, Zr, Hf), group VB (V, Nb,
Ta), and group VIB (Mo, W). Other stoichiometries are also possible in
these systems; e.g., the triselenides NbSe3 and Ta5e3, which form thin
needle-like crystals, are interesting quasi-one-dimensional materials in

their own right.4,S
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The basic crystal structure of the dichalcogenides is shown
schematically in Figure 2-1. These materials are composed of three-
atom-thick, covalently-bonded layers with only weak van der Waals-type
interlayer bonding. Each individual layer is made up of three
hexagonally-close-packed (hcp) planes; a metal plane is sandwiched
between the 2 chalcogen planes. There are two distinct ways of stacking
these three hcp planes, and thus two kinds of layers can exist. Atoms
in the top plane can either be directly above the atoms in the bottom
plane (an AbA sequence), or they can be directly above holes in the
bottom layer (an AbC sequence). An AbA sequence leads to trigonal-
prismatic coordination of the metal atoms by the six nearest chalcogen

atoms, while an AbC seguence leads to octahedral coordination.

A large number of different crystal structures, or polytypes, can be
constructed by arranging the two different types of layers in different
stacking sequences. Structures with unit cell repeat distances 1, 2, 3,
4, and 6 layers thick have been reported.!,2 A nomenclature has been
developed to describe these structures. It consists of a number denoting
the number of layers in a unit cell, followed by a capital letter
indicating the symmetry of the unit cell. The letters H (hexagonal), T
(trigonal), and R (rhombohedral) are used. However, all the crystal
structures can be considered to be hexagonal,® and unit cell parameters
are universally reported as the usual hexagonal lattice parameters a and
c. If necessary to avoid ambiguity, a lower case letter is added in

parentheses to complete the specification.



1I1.1.1 Phase Diagram

The particular crystal structure adopted by a compound depends upon
both composition and temperature. However, there is a basic pattern
common to the phase diagrams of most TMDC's. The structure stable at
the highest temperatures is the 1T, consisting entirely of octahedral
layers, while the polytype stable at low temperatures consists entirely
of trigonal-prismatic layers, usually a 2H structure. At intermediate
temperatures a variety of polytypes are found, typically consisting of a
mixture of trigonal-prismatic and octahedral layers. Generally these
higher-temperature phases can be obtained at room temperature by rapid

quenching.

These basic trends are followed by NbSeZ and 'I‘aSez. Phase diagram

information for NbSe2 has been reported by several authors,?-19 who
generally agree as to the phases found, although the exact values for
the temperatures of the phase boundaries are only roughly in agreement.
The 1T phase is fcund above about 950°C (and for NbSe2 this phase cannot
be obtained at room temperature by quenching!®). Between 950°C and
about 8509C several 4H phases have been found; 4H(b), 4H(dI), and

4H(d The 2H(a) phase is stable below about 850°C, although the

II)'
4H(a) phase may also be found at the lowest temperatures if excess
selenium is present during the crystal growth process.?,8,10 Both the

2H(a) and the 4H(a) phases consist entirely of trigonal-prismatic

layers.1,2,3

The phase diagram for TaSe_, is quite similar, although not as

2
extensively investigated. Revelli?,® found the 1T polytype stable

above 800°C, the 4H(b) and 6R polytypes stable between 800°C and 880°C



i
and the 2H(a), as well as the 4H(c) and 4H(b) stable at low
temperatures. The lattice parameters reported® for 2H NbSe2 are a =
3.45 § and c = 12.54 §, while the parameters for the same phase of TaSe,
are a = 3.43 § and ¢ = 12.71 &. The similarity is caused by the very

similar sizes of the Nb and Ta atoms.*

A problem with accurately determining the phase diagrams in the
TMDC's is that many different structures are possible, and the energy
difference between the several polytypes is small, especially where they
differ only in the stacking of adjacent layers. The phase obtained in a
given experiment can then depend very sensitively on crystal growth
conditions, e.g., the presence of excess Se favors the production of the

4H(a) phase in NbSe2 at lower temperatures, as noted above.

The Nbl_xTaxSe crystals used in the critical field studies reported

2
in this thesis are all of the 2H(a) phase. The conditions used to
produce them, and the work done on the phase diagram for this system
will be discussed in Chapter III. For the sake of conciseness, "2H"

will henceforth be taken to mean the 2H(a) phase, and “4H" will be taken

to mean the 4H(a) phase.

I1.1.2 Anisotropy in the Physical Properties

The anisotropy in the material properties of the TMDC's is caused by
the anisotropy in the chemical bonding. Physically these compounds tend

to be very soft due to the van der Waals bonding, and single crystals

* The similar size of the Nb and Ta atoms is caused by the well-known
lanthanide contraction. Reference 11 lists the atomic diameters of
both elements as 2.94 angstroms.



8
must be handled with great care to prevent damage. In fact, naturally-
occuring Hosz is a comﬁonly used lubricant. As an example of the amount
of anisotropy seen in NbSez, it is useful to consider the resistivity.
The resistivity for current flow perpendicular to the layer plane is
greater than the resistivity measured parallel to the layer plane by a
factor which is 32 at 300 K and 50 at 7 K.12 This anisotropy is readily

understandable since electrons moving perpendicular to the layer plane

must pass through the weakly-bonded interlayer region.

NbSe_ and the compounds Nbl_xTaxSe

2 are three-dimensional, although

2
anisotropic materials (Section VI.4.5). However, it is interesting to
note that the anisotropy in some layered compounds can be increased to
the point that they exhibit quasi-two-dimensional behavior. This is
accomplished by the process of intercalation; certain types of organic
molecules (and metal atoms) can be inserted into the van der Waals gap
between the individual three-atom-thick layers, separating the layers.13
If the thickness of the organic layer exceeds the superconducting
coherence length (Chapter V), the layers essentially decouple and quasi-
two-dimensional critical field behavior results.!4,15 This decoupling
phenomenom has also been observed in artifically produced layered

composites,16

I1.2 Band structure Calculations

A number of band structure calculations have been carried out for
NbSez. The earliest calculations were of the semi-empirical tight-
binding type.2,17 Later ab-inito calculations were performed by

Mattheiss!® using the augmented-plane-wave (APW) method, and by Wexler



9
and Woolley!® using a layer method. Wexler and Woolley also considered
TaSez. The empirical pseudopotential method has been used by Fong and
Cohen.2? Recently a 1linear combination of atomic orbitais {LCAO)
approach has been used by Bullett.2! These calculations have been

reviewed by Calais22 and Doran.23 All of them are non-relativistic and

are not self-consistent.2¢

I11.2.1 Elementary Considerations

There is good agreement as to the general nature of the band
structure, which can be described simply. There are two NbSe2 molecular
units per unit cell for the 2H phase (one per covalently-bonded layer).
Since the electronic configuration of Nb is [Kr]4d%5s?! and the
configuration of Se is [Ar]3d19%4s24p4, there are a total of 34 electrons
outside of the filled core levels per unit cell. It is conceptually
useful to label the bands according to the atomic orbitals from which
they are primarily derived. With this notation, the energy bands are, in
order of increasing energy; 4 bands derived from Se s orbitals (4 Se s
bands), 12 Se p bands, 10 Nb d bands, and at the highest energy the Nb
s-p bands. It turns out that the 10 Nb d bands are split by a
“hybridization gap" into 2 1lower-energy and 8 higher-energy bands.
Putting 34 electrons into these bands, the Se s and p bands are filled

and the lower pair of d bands is half filled.

The theoretical calculations predict that the bands are paired in
NbSez since in any hexagonal system, in the absence of the spin-orbit
interaction (neglected in all the calculations), the energy bands must

be doubly degenerate at the top and bottom faces of the Brillouin zone
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because of time-reversal symmetry.25 By continuity, the bands remain
approximately paired elsewhere, too. A more physical way of explaining
this pairing for the 2H TMDC's is to note that if the unit cell
consisted of only one three-atom-thick layer, then there would be only 5
d bands (only one NbSe2 molecular unit per unit cell). These 5 levels
are split into 10 in the real structure due to the interlayer
interactions, which are relatively weak and thus do not produce a large

splitting.1®

1I1.2.2 &b Initio Calculations

The band structure as calculated by Mattheiss is reproduced in
Figure 2-2. The Fermi level is shown and passes through the lower pair
of d bands. The notation for some of the the special points in the
Brillouin 2zone is shown in Figure 2-3. (The Brillouin zone of a
hexagonal 1lattice is itself hexagonal.) The band structure as
calculated by Wexler and Woolley is very similar to the result of
Mattheiss, as would be expected since both are based on muffin-tin
atomic potentials, and Wexler and Woolley chose the parameters of their
atomic potentials to be similar to those used by Matteheiss.1? The main
difference is that Mattheiss' «calculation only produced energy
eigenvalues at 6 high-symmetry points in the Brillouin zone, and an
interpolation scheme was used to generate the bands. On the other hand,
the layer technique used by Wexler and Woolley can generate eigenvalues
for general k vectors, so no interpolation scheme is needed. The layer
technique can also be used to generate constant-energy surfaces, thus

allowing the Fermi surface to be accurately determined (within the
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approximations used in originally setting up the calculation).

The Fermi surface determined by HWexler and Woolley consists of
undulating open cylinders running along the TA (zone center) and KH
(zone corner) axes. It is convenient to display this surface in a
doubled Brillouin zone scheme. As was noted above, in a non-relativistic
calculation the energy bands stick together over the top of the
hexagonal Brillouin zone. In the conventional Brillouin zone each of the
Fermi surface cylinders is double-walled, the two walls joining at the
top surface and coming into it with equal and opposite angles, as
measured normal to the top surface. Thus each double surface can be

unfolded into a smoothly continuous surface in a double zone.

Figure 2-4 shows a side view of the Fermi surface in this double
zone (the plane defined by the points I'KHA) and Figure 2-5 shows a top
view of the Fermi surface, looking down the T'A axis, a plane section
taken through the middle of the doubled zone, corresponding to the top
of the conventional zone. These Fermi surface diagrams were generated
from explicit parametrization formulas published by Wexler and
Woolley.1? Both the cylinders shown in Figure 2-5 are hole surfaces.
(That is, the electron states just inside the cylinders are of higher
energy than the states just outside.) There is obviously a resemblance
to an ideal two-dimensional Fermi surface, (which is cylindrical),* but
the undulations in the cylinder walls indicate the three-dimensionality

of NbSez.

* The basic concepts of Fermi surfaces in lower-dimensional systems are
reviewed in Appendix A.
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Figures 2-4 and 2-5 also show the same views of the Fermi surface of
TaSez, as calculated by Wexler and Woolley. Obviously the calculated
band structures of the two materials are very similar. If this is
actually the case, then rather small changes in electronic properties
should be expected as the composition is varied across the series

Nbl-xTaxseZ'

There are several approximations which go into the ab initio
calculations by Mattheiss and by Wexler and Woolley which must be
considered in trying to determine the validity of their results. Both
calculations are based on similar muffin-tin potentials and the small
differences in the resultant band structures have been attributed to
slight differences in the atomic potentials used.23 The use of such
potentials for systems as complicated as transition metal compounds has
been discussed by Calais.22 Since the calculations are non-relativistic,
the spin-orbit interaction is ignored. Including this interaction would
lift the double degeneracy of the bands over the top surface of the
Brillouin zone and thus alter the band structure, at least near this
surface. Ta (Z = 73) is roughly twice as heavy as Nb (Z = 41). Thus the
spin-orbit interaction will be more important for Ta and will probably
alter to some extent the conclusion of Wexler and Woolley indicating

that NbSe2 and TaSe2 have very similar band structures.

Neither of the above calculations is self-consistent, that is, they
do not allow for charge transfer from the metal atoms to the selenium
atoms, which is bound to occur due to the electronegatively
differences.23,24 (The electronegativities are Nb: 1.6, Ta: 1.5, and Se:

2.4). It appears that the major error introduced by this assumption is
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to over-estimate the gap between p and d bands.23 This is potentially

important since the Fermi level lies in the lower two d bands.

Although it is difficult to exactly assess the effects the
approximations listed above have on the calcalated Fermi surfaces, it is
appropriate to treat the calculated band structures with some caution.
This is especially true since a relatively small change in narrow d

bands can have a large effect on the Fermi surface.

There have been several angle-resolved photoemission spectroscopy
studies done on NbSe2 which have been interpreted as directly mapping
the energy bands as a function of k.26,27 While there is generally fair
agreement with the calculations, these experiments cannot claim to
determine the band structure in detail, and the agreement is especially

poor for the very important lower pair of 4 bands.

II.3 Charge-Density Waves

Before considering the results of low-temperature experiments which
illuminate the actual band structure, it is necessary to take note of
the fact that NbSeZ, TaSez, and most other TMDC's undergo structural
Phase transitions at low temperatures which affect the electronic energy
bands. This section will discuss this new state, called the charge-
density wave (CDW) state. A general introduction to the phenomenon will

be followed by a more detailed look at CDW's in the Nbl_xTaxSe2 system.
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1I1.3.1 Basic Theory

A CDW is coupled lattice-electronic distortion which occurs at low
temperatures in certain materials which exhibit a specific type of Fermi
surface topology, as described below. The purpose of this section is to
provide a brief, physically motivated description of what CDW's are and
what causes them. More detailed discussions can be found in several

gcod review articles.1,628-32

Consider a simple metal, and assume that by some mechanism the
originally uniform electronic charge density is given a sinusoidal

modulation, becoming
-> > . -+ -+
p(x) = o (x)[1 + A sin (g * X)] (2.1)

where po(;) is the undistorted charge density, A is the amplitude of the
distortion, and 3 is its wavevector. The ion cores will react to this
new electronic distributien by moving away from their equilibrium
positions in a way which is also sinusoidal with wavevector a, but which

is out of phase with the electronic redistribution.28®

To determine the stability of this new structure, it is convenient
to separately consider the changes in the lattice and electronic
energies. The lattice energy will be increased as the ion cores are
moved from their equilibrium positions. The effect of the new ionic
positions on the electronic energy bands is to open up gaps in the bands
at 1 = :E/z, (E is the electron wave vector) in the same way that the
ordinary ionic potential in any metal introduces gaps into the band

structure at the Brillouin zone boundaries.
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Electron states with ; near 372 but of magnitude k < q/2 will have
their energy lowered, while states with ; near 3/2 but with k > g/2 will
have their energy increased. If'a is chosen to be exactly twice the
Fermi wavevector, then only states unoccupied (at T = 0) will have their

energy increased, leading to a net lowering of the electronic energy.

Whether or not this lowering of electronic energy exceeds in
magnitude the increase in lattice energy depends upon the fraction of
the Fermi surface over which the gap occurs. For a material with an
ideally spherical Fermi surface, a particular E vector can only couple
electron states at two points on opposite sides of the Fermi surface.
The resultant gap will only cover a small fraction of the Fermi surface,

leading to a small net lowering of the electronic energy.

The situation can be quite different in materials with non-spherical
Fermi surfaces. If the Fermi surface contains parallel flat sections
such that a single E vector can span large sections of the Fermi
surface, and thus connect many electron states on opposite sides of the
Fermi surface (or on different pieces of the Fermi surface), then a gap
can be opened up over a large portion of the Fermi surface. This results
in a relatively large lowering of the total electronic energy. In such
cases this energy lowering can exceed in magnitude the increase in
lattice energy, making the electronic CDW with its associated periodic
lattice distortion the stable low-temperaiure state of the material. As
the temperature is increased, the electron population in states above
the gap increases, increasing the electronic energy, reducing the gap

and lowering the CDW amplitude.
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The most extreme example of the phenomenon occurs in an ideal one-
dimensional metal, where the Fermi surface consists of two parallel

> -> -
planes at k = %k_.. Here one g vector can connect all the electron

F
states to other states. This opens up a gap in the band structure over
the entire Fermi surface, causing the material to undergo a metal-
insulator transition. That such a transition should occur in one-
dimensional metals was first noted by Peirels and the phenomenon here is
usually called a Peirels transition.33 There are a number of materials
vhere the chemical bonding is sufficiently chain-like that their Fermi

surfaces can be considered to be quasi-one-dimensional. Many of these

materials do display Peirels transitions.®

There is a potentially serious problem with the simple picture of a
CDW described above. The CDW wavevector a was shown to be related to
Fermi surface topology and, in general, is not in any way related to the
original lattice periodicity. Such a CDW is incommensurate with the
lattice. Strictly speaking there is no translational symmetry left in
the crystal. Thus familiar ideas such as the concept of a Brillouin

>

zone, the labelling of electronic states by k vectors, etc., should in

principle be abandoned.

Fortunately, this doesn't have to be done in order to gair a
physical understancding of -€DW's in the TMDC's. This is primarily because
the structure of the incommensurate CDW state is somewhat more
complicated than has been described above. In the TMDC's the wavelength
of the CDW is always within a few percent of being commensurate; it is
always very close to being some integral multiple of the undistorted

lattice constant. Taking cognizance of the fact that the displacements
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of the ions from their non-CDW-state equilibrium positions are typicaly
a small fraction of an angstrom, this means that there are relatively
large distances over which a sinusoidal CDW will be roughly in-phase
with the lattice, followed by similar distances over which it will be
approximately out-of-phase.34 Here "in-phase" means that the electronic
density is shifted in such a way that the bonding energy between
adjacent ions is optimized. As noted by Moncton, Axe, and DiSalvo,35 and
by McMillan,3* in a real system the CDW ic altered from a simple
sinusoidal shape so as to stretch the regions over which there is an
energetically optimum matching of the CDW and the lattice. This can be
accomplished by adding a spacially varying phase to the argument of the
sine function in Equation 2.1. The picture that thus emerges for the
incommensurate state is that it consists of regions where the CDW
wavelength is effectively commensurate with the underlying lattice
connected by smaller regions where the phase changes rapidly and the CDW

amplitude is suppressed.3t 31

If the temperature is increased, starting in the incommensurate
state, the CDW amplitude will decrease, vanishing at an onset
temperature To. If the temperature is decreased, the amplitude will
increase. As the amplitude increases it becomes more energetically
favorable for the CDW to be commensurate with the crystal lattice.
Usually a second transition occurs to a completely commensurate state at
a2 lower temperature Td.1 In real materials it is possible for the
wavevector to shift slightly without sacrificing all the energy the
electrons originally gained by forming the CDW, since in these systems
the parallelism between different parts of the Fermi surface is never

perfect.
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e s
I1.3.2 CDW's in the Nbl_xTaxSez System

CDW's exist in both NbSe2 and I‘aSe2.1,36 However, as will be
discussed below, alloying Ta into NbSe2 suppresses the CDW, so in the

composition range studied (0 < x < 0.20), only Nbl_xTaxSe compounds

2

with compositions near pure Nl:’Se2 have CDW's. NbSe_ undergoes a second-

2
order phase transition to an incommensurate CDW state at an onset
temperature To = 33.5 K as determined by neutron diffraction29,35 and
transmission electron diffraction.?!,36,37 I\IbSe‘.2 has the lowest To of any
TMDC which has a CDW. To the lowest temperatures studied (4.5 K by
neutron scattering,35 0.3 K by heat capacity3®) NbSe2 does not display a
lock-in transition to a commensurate state as the other TMDC's do.! In
contrast, TaSez undergoes a second-order transition at To = 122 K, and
subsequently undergoes a first-order transition to the commensurate CDW
state at 90 K.?,35 As was noted in the last section, the incommensurate-
to-commensurate transition is driven by the commensuration energy, which
increases with the CDW amplitude.3® Thus the lack of a lock-in
transition, along with the relatively low 'I‘o implies that the CDW

amplitude is relatively small in NbSe 1he amplitude of the atomic

2
displacements in the accompanying lattice distortion is largest in the
plane of the Nb atoms.35 The amplitude of the modulation in this plane

is 0.05 & at 4.2 K.2®

In NbSez, as in the other TMDC's, there are actually three symmetry-
related CDW's, all lying in the basal plane with their wavevectors at
120" angles from each other. Just below To the average wavelength of the
distortion is very close to being 3 times the hexagonal unit cell

parameter a, )\ = 3.08a, as determined by neutron diffraction35. This
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; wavelength shrinks toward 3a as the temperature decreases, but

: apparently never becomes exactly commensurate. Thus in the CDW state

. NbSe_ almost adopts a real space supercell with unit cell parameters a'

2
= 3a, ¢! = c¢ vhere a, c¢ are the undistorted hexagonal lattice
parameters.

A number of experiments have been performed which indicate the
effects the CDW has on the properties of NbSez. Since the CDW and its
associated periodic lattice distortion affect both the band structure
and the crystal structure, in principle almost every material property
should be affected. Harper, Geballe, and DiSalvo3? measured anomalies
in the resistivity and heat capacity at To, which take the form of
bumps. They found a rise of 6.5% in the specific heat and a rise of 3%

in the resistivity from which they concluded that only a few percent of

- the Fermi surface is affected by the transition to the CDW state. Long*?

has also measured the bump in resistance and found a rise of 5.5% in a
crystal of unusually high quality. It is interesting to note that
although there is a small rise in R(T) at To, dR/dT is greater below To
than above. Therefore, the resistance in the CDW state is lower than
that obtained by extrapolating R(T) from above To to temperatures

somewhat below To.*

Nuclear magnetic resonance studies have been performed on NbSe2
using the 93Nb nucleus, the only naturally occurring isotope, by
Berthier, Jerome, and Molinie*! Such studies are of interest since the

resonance phenomena are sensitive to the electronic environment of the

individual Nb atoms. The data indicate that the Nb nuclei see a

* This phenomena is not generally seen in CDW systems.
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continuous distribution of local electronic densities, as would be
expected for an incommensurate CDW. It has been claimed that the
details of the line shapes are consistent with the picture of the
incommensurate state as consisting of domains of effective
commensurability separated by discommensurations.3® From their data,
Berthier, Jerome, and Molinie estimated that the maximum redistribution
of electron density caused by the CDW in NbSe2 is less than 9%, and they
place an upper limit on the possible decrease in density of states at
the Fermi level at 10%. This decrease in density of states can also be
roughly estimated from the superconducting transition temperature to be

about 1-3% (Chapter VI).

One parameter which does change dramatically at 'I‘0 is the Hall
coefficient, which is positive above To and becomes negative at lower
temperatures.42,43 such a change indicates a switch from predominantly
hole-like charge carriers above To to predominately electron-like
carriers below T°.25 In this connection it is worth recalling that the
high-temperature Fermi surface, as calculated by Wexler and Woolley,

consists entirely of hole surfaces. The Seebeck coefficient also

changes sign at To.“

There is considerable evidence that introducing disorder into NbSe2
crystals suppresses the CDW. Substitutionally alloying in another metal
to replace Nb has been shown to reduce 'ro as measured by the bump in the
resistivity.38 4% Also, such doping suppresses the sign change in the
Hall coefficient. In a study involving a large number of crystals,

Huntley and Frindt42 showed that the Hall coefficients of NbSe2 samples

with higher residual-resistance ratios changed sign at a higher
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temperature and were larger in magnitude at low temperatures. Indeed,
those samples with the smallest residual-resistance ratio, indicative of
the poorest sample gquality, had Hall coefficients which remained

positive at low temperatures, indicating a suppressed CDW transition.

The CDW in m:Se2 is likely caused by a parallelism in the Fermi
surface. According to the usual nesting model, traditionally used to
describe CDW's in the TMDC's,! a single a vector can connect many pairs
of states on different parts of the Fermi surface. This means that if
two cross-sectional diagrams of the Fermi surface in the plane
containing E are superimposed with one shifted relative to the other by
a, then the two Fermi surfaces should at least partially lie on top of
each other, that is they should "nest". The Wexler and Woolley Fermi
surface exhibits a rather weak nesting when this procedure is carried

out.23

An alternative to the nesting model for CDW formation has been
proposed by Rice and Scott.*5 They showed that a two-dimensional band
structure with saddlepoints at the Fermi energy would be unstable
against CDW formation, and suggest that such a model might apply to the
2H layered compounds. If saddle points were to exist at the Fermi
energy, the density of states as a function of energy would be very
large at those points. Thus, a significant decrease in electronic energy
would result not from a spanning a large portion of the Fermi surface
area, but from'a spanning a small portion of the Fermi surface which has
a very large density of states. Such a CDW would affect only a
relatively small fraction of the Fermi surface. Furthermore, the states

removed at the saddle points have a small velocity. Such points can act
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as scattering sinks, and Rice and Scott argued that such a material
might actually be a better conductor in the CDW state, as is seen
experimentally in the 2H materials TaSezl, Tasz,1 and NbSe2.4° In the
nesting model, if a gap opened up over a large part of the Fermi surface
the conductivity would generally be expected to decrease. Another
attractive feature of the Rice and Scott model is that it can easily
explain the sign reversal of the Hall coefficient. The Fermi surface
alterations they envision cause the K-centered and TI-centered Fermi
surface cylinders to merge or connect along the Tk axis. This will
change the connectivity of the Fermi surface from consisting of hole

surfaces to consisting of electron surfaces. Such an alteration would

cause the sign of the Hall coefficient to become negative.

There is a saddle point along the Tk axis of the Wexler and Woolley
band structure, however it is not exactly at either the correct energy
(EF) or the right wavevector to account for the CDW in NbSez.*6 The two
CDW models, nesting and saddlepoint, are really quite similar, and since
the density of states must vary over the Fermi surface, it is quite
plausible to assume that the truth may lie in a combination of these two
explainations. However, it appears that the available band structure
calculations are not of sufficient accuracy to quantitatively explain

the CDW in NbSez.

11.4 Low-Temperature Band Structure of Nbl_xl’axSe2

The band structures calculated for CDW-free (room-temperature) NbSe2

and TaSe2 show a Fermi surface dominated by open cylinders oriented

perpendicular to the basal plane. At low temperatures these materials
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have CDW's which alter the band structure. However, the CDW is fairly
weak in NbSez, and thus may affect the band structure of this compound

only slightly.

Several experiments have been performed which provide information
concerning the low-temperature band structure. In a de Haas-van Alphen
study, Graebner and Robbins*? were able to explain their results by
assuming that a small pancake-shaped Fermi surface piece‘exists lying in
the basal plane. If one assumes for simplicity that the CDW in NbSe2 is
a commensurate 3x3 distortion, then to a first approximation the band
structure in the CDW state can be obtained by folding the non-CDW band
structure back into the new Brillouin zone, which is 1/9 the volume of
the original.4® Such a procedure was tried without success to explain
the de Haas-van Alphen results.47? However, Graebner and Robbins pointed

out that a small modification of the d bands near the Fermi level could

produce a pancake-shaped Fermi surface piece.

It was mentioned above that failure to allow for charge transfer
from the metal atoms to the Se atoms in the band structure calculations
has the primary effect of exaggerating the gap between the p and d
bands. Allowing for such charge transfer could possibly raise the p
bands to the point where they intersect the Fermi level (Figure 2-2).
It appears that such a change could cause a pancake-shaped Fermi surface

piece to appear.23

Magnetoresistance as a function of orientation has been measured by
Hambourger and Lewis*® at temperatures both above (35 K) and below (9.3
K) To. Their data indicates that the Fermi surface is composed of one or

more at least highly elongated, and possibly open, pieces running
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perpendicular to the basal plane. The data at 35 K are noisier, but
othervise similar to the data in the CDW state, implying that no large-
scale Fermi surface changes occur at To' According to Hambourger and
Lewis, the de Haas-van Alphen and magnetoresistance results may be
complimentary rather than contradictory, given the different

sensitivities to Fermi surface topology of each probe.

The picture that results from the band structure calculations and
the experiments discussed above is that the Fermi surface of NbSe2 is
dominated by open cylinders parallel to the c axis, although it is very
possible for at least one small flat closed piece to exist. It also
appears that the CDW doesn't drastically alter the band structure,

although it probably does affect the connectivity of the Fermi surface,

as evidenced by the change in the sign of the Hall coefficient.

It is difficult to speculate on the band structure of the alloys at
low temperatures. However, since the CDW is suppressed by alloying, and
since the room-temperature (no-CDW) band structure calculations show

similar theoretical results for NbSe2 and TaSez, it is possible that the

actual Nb xTaxSe band structures at low temperatures resemble the

1- 2

calculated (room-temperature) NbSe2 band structure, possibly more then

NbSe2 itself does at low temperatures.



I11. Crystal Growth

This chapter discusses the the technigues which have been developed

to grow single crystals of the compounds Nbl_xTaxSe Although certain

2
details had to be worked out, most of the procedures used were adapted
from previously developed techniques for growing crystals of NbSe2 and

other TMDC's.

There are 39 crystal growth batches in all. The earlier batches
were grown by several other researchers, as noted in the
Acknowledgements. The author's involvement with the details of the

crystal growth effort began with Batch 12.

The compounds Nbl_xTaxSe can be formed by simply reacting the

2
elements in an evacuated, sealed quartz tube at temperatures = 500°C or
higher. Although crystals form during this process, they tend to be
small and intergrown. Generally it is necessary to use the vapor-
transport technique to grow reasonably sized, more perfect crystals. 1In
addition, it 1is necessary to grow or anneal the crystals at the proper
temperature to get the desired 2H polytype. To determine these
temperatures, it was necessary to work out part of the phase diagram for

the Nbl_xTaxSe system. This was done using =x-ray analysis and

2

measurements of the superconducting transition temperature.

This chapter is concerned with the details of these processes.
First the basic concepts of vapor-transport crystal growth are outlined.
The following sections then contain details of the laboratory procedures

and a discussion of the results.

25
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I11I.1 Vapor-Transport Crystal Growth

The compounds Nbl_xTaxSe2 have in all cases been formed by direct
reaction of the elements, which is the standard method used for TMDC's.
However, as will be discussed in more detail in Section III.2.4, the
result of such a direct reaction, carried out at a constant temperature,
is a large number of small, highly intergrown hexagonal platelets with
diameters in the range of 10 to 100 ym. The size of these crystals is
at the lower end of the range which can be conveniently measured with
our transition temperature apparatus (Chapter 1IV). However, the real
problem with these crystals is the intergrowth of adjacent crystallites,
which makes such samples generally unacceptable for orientation-
dependent ch(T) measurements where high quality single crystals are
required. Another technique for growing single crystals is therefore
needed. The TMDC's do not melt or sublimate at any reasonable

temperature,® so that many standard techniques for producing single

crystals are inapplicable.

The standard technique for the growth of TMDC crystals is the vapor-
transport technique.4%®,59 The method involves sealing some prereacted
powder (e.g., NbSez) along with a transporting agent such as iodine in a
quartz tube. (Usually 5 mg of I per cm3 of tube volume are used.f,651)
This tube is then placed in a tube furnace where a temperature gradient
can be maintained, the prereacted powder being at the hot end of the
tube. For these materials, the hot end may be at e.g., 7608C, while the
cooler end is held at 740%C. The following reversible reaction then

occurs between the powder and the vaporized transport agent52,53

NbSe, + 2I, & NbI, + Se

2 2+ Y 2" (3.1)
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The products of this reaction (those shown on the right hand side of
Equation 3.1) are gaseous. The gaseous products diffuse to the cooler
end of the tube, where the reaction tends to go in the reverse
direction because of the temperature dependence of the equilibrium
constant governing Reaction 3.1. The original material is re-formed and
the iodine is released, allowing it to diffuse back to the hot end of
the tube and react again. In this way the powder is slowly transfered
to the cooler end of the tube. When the reverse reaction occurs, the
re-formed NbSe2 would prefer to condense onto an already existing
crystal rather than nucleate a new one. Therefore, the result can be

that a few large crystals form at the cooler end of the tube.

If the crystal growth tube is placed in the furnace and the
temperature gradient is immediately turned on, a relatively large amount
of material will start to be transported to the cooler end. A few
crystals will start to grow, nucleating either on small tube-wall
imperfections or on small crystallites from the starting powder which
are in the growth zone. However, the original flux of material will be
more then these nascent crystals can absorb, due to their small surface
area. Thus polynucleation will result, with several crystals growing

together at each site.51,52

Polynucleation can be avoided by slowly turning up the temperature
differential between the charge end and the growth end of the tube,
starting from a constant temperature.5: In fact, the following heating

schedule is usually followed. After the crystal growth tubes have been
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placed in the furnace, a reverse temperature gradient is initially
turned on; the the charge end being held cooler then the crystal growth
end. This is done to remove (by vapor transport) any small particles of
the charge which have become stuck to the tube wall in the crystal
growth zone.51,54 Such small particles usually exist, having come into
contact with the tube wall at some point during the tube filling and
handling procedures. It is desirable to remove them because they would
provide an excessively large number of nucleation sites which would

result in a large number of small crystals being produced.

The reverse gradient is typically left for 3-4 days. The furnace is
then set to a uniform temperature and the desired growth profile is
slowly turned on, the temperature difference being increased at the rate
of 1-2 degrees per hour. The temperature of the charge end is
increased; the temperature in the crystal growth zone is held as
constant as possible. During the crystal growth phase the temperature
difference between the hot and cold ends of the tube is typically 20°C.
Larger temperature differentials have frequently been used.f,64%, 5!
However, a smaller temperature difference, and thus a slower rate of
crystal growth has been used here in the hope that it will produce
higher quality crystals. The crystals are left to grow for about one

week.

Vapor-transport crystal growth depends wupon the temperature
dependence of the equilibrium constant governing Reaction 3.1. There is
no fundamental reason why the transport should go from the hot end to
the cold end, and in fact transport in the opposite direction occurs in

some other systems.4® It is also not necessary to use iodine as the
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transport agent, although this is certainly the most popular agent used
to grow TMDC crystals. Anything which reacts reversibly with the
starting material to form gaseous products is potentially useful, and

many other substances have found application in other systems.49,65¢

One obvious problem with iodine (or most other materials) is that a
small amount of it inevitably becomes incorporated into the growing
crystals. TIodine concentrations reported for vapor-transported NbSe2
vary somewhat, but are typically a few hundred parts per
million.42,43 52 55 Rather high quality TMDC crystals have been reported
to have been grown with the iodine-vapor-transport technique, so iodine
inclusion by itself may not be a major problem.38,56,57 sStill, in
several studies where a direct comparison has been made of TMDC crystals
grown with and without iodine, it has been found that iodine-free

crystals are of higher quality, as measured by their transport and

superconducting properties.40, 58

Iodine contamination can be avoided entirely by using one of the
component elements of the starting powder as the transport agent. This
is frequently refered to as "direct-vapor transport" (DVT). Chalcogen
transport has been reported in several TMDC systems,58,5% including

r‘n:»SeZ.”‘,'-i2 We have grown a number of Nbl-xTaxse crystals using Se

2
transport. (Using approximately 5 mg Se per cm3® of tube volume as the
transport agent.) It appears that excess Se will not become
incorporated into the crystal structure, but will condense out as

droplets of elemental Se on the tube wall when the tube is finally

cooled down.* Excess chalcogen is necessary to produce DVT crystals.

* The possibility that triselenides will form because of the presence
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Sublimation growth is not possible at any reasonable temperature as

diselenides remain solid up to 12500C.6

A particular problem that arises for an alloy system such as

Nb TaxSe is that the composition of the final crystals may not be the

1-x 2

same as that of the starting powder. Iodine will not necessarily react
with Nb and Ta at the same rate, and the resultant gaseous species may
not diffuse down the tube at identical rates. Generally, small
compositional differences have been reported in other mixed cation TMDC
systems.59,60 This does not appear to be a serious problem for the

Nb Ta_ Se
b4

1-x system. Reactivity differences are probably minimal given

2
the very similar chemical properties of Nb and Ta. To promote the
growth of homogeneous crystals, the original charge is never transported
to completion; in fact, only a few percent are transported. Thus if Nb
and Ta are transported at slightly different rates, the charge
composition will not change signifigantly during the transport process,

minimizing as much as possible compositional variations in the

transported crystals.

In any event, the superconducting transition temperature TC of the
individual vapor-transported crystals can be measured and compared to
that of the starting powder and that of other samples of the same
composition. As is shown in Chapter VI, the transition temperature
changes reasonably rapidly as composition is varied. The ‘'correct"
values of Tc for the various the compositions have been determined self-
consistently by measuring a large number of samples from powder-growth

experiments where transport was not involved. For these samples, Tc

of excess Se is discussed in Sections 11I1.2.4, 1II.2.5, and III.3.
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should reflect the stoichiometry implied by the ratio of the elements
originally placed into the growth tube, provided that the resultant
powder has homogeneous superconducting properties. Once Tc as a
function of composition has been determined, the measured Tc of
transported crystals can be used as an indicator of the extent to which
their stoichiometry reflects that of the starting powder. Generally
some spread in TC values is observed in a given transport-growth tube,
corresponding to a spread in composition of several tenths of an atomic
percent. The average TC for crystals from a given vapor transport tube
is usually shifted relative to the average 'I‘c for the starting powder by
a small amount, typically 40 mK. The sign of the shift varies randomly

form tube to tube.

I111.2 Laboratory Procedures

This section contains a more detailed description of how the crystal
growth experiments were carried out. To some extent, the discussion of
the crystal growth temperatures will be delayed until Section III.3
where the phase diagram will be considered. Thirty-nine different
batches of crystals have been grown, each batch consisting of several

tubes. Batches 9, 12, 14, 16, and 21 are TaS the rest are

27
Nbl_xTaxSez. The Tas2 work will not be discussed further since these

compounds were not used in the critical field work.

The experimental procedures evolved considerably over the course of
this work, most notably with respect to excluding impurities from the
crystal growth tubes. It is not completely obvious that small quantities

of certain impurities are really harmful; fractional crystallization is
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a standard classical purification technique. It appears that to a large
extent, the impurities will form segregated phases and fairly high
quality crystals can be grown despite their presence. Indeed, a number
of very good crystals resulted from certain earlier batches (e.g., Batch
7) where certain precautions taken with the later batches were not used.
Nevertheless, the philosophy adopted was that all reasonable precautions

should be taken to exclude impurities from the crystal growth tubes.

For conciseness, a batch-by-batch description will not be included
here. Certain details of each batch are tabulated in Appendix B. The
discussion will instead be more general, emphasizing those procedures

currently believed to be optimum.

The next three subsections deal with the furnaces used and the
crystal growth tube preparation and sealing procedures, since these are
essentially the same for both types of crystal growth. Then the details
of the direct reaction of the elements (powder growth) and of the vapor-

transport experiments will be considered separately.

IIT1.2.1 Furnaces

Two furnaces have been used,* a Lindberg model 51849 box furnace62
and a Bruce tube furnace®3. The Lindberg is a nominally-uniform-
temperature box furnace with a temperature range of 100°C to 1100°C. The
Bruce furnace is a factory-modified diffusion furnance of the type used

in the semiconductor industry. It has two horizontal tubes, each 1.37 m

* Batches 1-4 and 11 (none of which produced any useful crystals), were
grown in other box furnaces.
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long. Each tube has seven Bruce model 563B temperature controllers which
can be set independently to provide a wide variety of temperature
profiles (within the bounds 350°C to 1350°C). The Lindberg furnace has
been used primarily for powder growth, while the Bruce furnace has been
used primarily for vapor-transport experiments. Both furnaces were
calibrated with chromel-alumel thermocouples (Omega Engineering Inc.®4)

using an Omega model MCJ-K electronic cold-junction compensator.

III.2.2 Crystal Growth Tube Preparation

All the crystal growth work has been carried out in sealed quartz
tubes. For powder-growth experiments, tubes with an 1I.D. of
approximately 10 mm were used, while ¢tubing with an 1I.D. of
approximately 16 mm was used for the vapor-transport work. Generally a
wall thickness of 1 mm has been used. The crystal growth tubes are
initially formed with one rounded, closed end and typically are 13 cm
long for powder growth and 40 cm long for vapor-transport experiments.*
The vapor-transport tubes have to be of a length commensurate with the
temperature profiles obtainable in the Bruce furnace. Usually the open
end of the tubes is constricted somewhat to facilitate the final

sealing.

The tubes are cleaned by soaking for about one hour in a
hydrofluoric acid-nitric acid mixture (typically 3 parts HF to 1 part

HNO This soak is followed by several (= 6) rinses with de-ionized

3)'

water and a final rinse with methanol. For the earlier batches, the

* Bll glassblowing work has been done by Mr. Edward Brosious, the
glassblower in the Yale University Physics Department.
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tubes were air dried and then filled. However, starting with Batch 12,
the tubes have been placed in one of the furnaces and heated to = 1000°C
for about 24 hours following the chemical cleaning. This is done to
drive off water and any other volitle impurities which may be trapped in
the quartz. It is known that water is present in quartz tubing and that
it comes out of the quartz at temperatures around 700°C and higher.4® In
addition, there have been reports of other volitle species being evolved

from quartz at high tempratures.65

III.2.3 Crystal Growth Tube Sealing

After the tubes are cleaned and filled, they are evacuated and
sealed shut. Originally the tubes were sealed onto a quartz manifold
which was then evacuated with a liguid nitrogen trapped diffusion pump
system. The tubes were pumped for typically five hours and then sealed
off (while the pumping continued). When the pressure was monitored, it

was typically on the 10-5 torr scale just prior to sealoff.

However, this procedure may not be optimal. When quartz is heated
to beyond its softening point and then cooled down, frequently a ring of
white powder is seen around the heated area. This powder consists of
small pieces of quartz which have flaked off the surface. After the
earlier quartz tubes were sealed as described above, such a white ring
was observed near the end which had been heated. This seemed to be
almost exclusively on the outside of the tube, where the heat had been
the most intense. However, to prevent any possible contamination caused
by quartz flakes inside the crystal growth tubes, a modified procedure

was developed which greatly reduces the amount of flaking on the crystal
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growth tubes. This procedure involves attaching a section of tubing
containing a graded guartz-to-pyrex seal to the open end of the growth
tubes when they are fabricated. The tubes are then cleaned and filled
in the usual way, and then are sealed onto a pyrex manifold. After
evacuation the tubes are sealed off above the graded seal on the Pyrex
section. After the tubes have been removed from the manifold, they are
sealed off below the graded seal, resulting in an all-quartz tube. This
second seal-off can be done in a much more uniform and efficient fashion
than is possible when the tubes are attached to the manifold, and this
seems to greatly minimize the amount of surface flaking which results.
(This appears to be due to elimination of the local overheating which
inevitably results from the awkward working conditions when the tubes
are attached to the manifold.) This technique involving the graded seal

was only used for Batches 36-39.

11I1.2.4 Powder Growth

This section describes those crystal growth experiments which
involved simply sealing the elements niobium, tantalum, and selenium in
a quartz tube and heating to promote a direct reaction. Most of the
chemicals were purchased from the Atomergic Chemetals Corp.66; Se
(99.9999%), Ta (99.95%), and Nb (99.8%). The Atomergic Nb and Ta are in
the fonﬂ of very fine powders (325 mesh). Because of the potential
safety hazards associated with selenium, this element has only been used
in pellet form, to avoid the possibility of inhaling any dust.®7 For the

later crystal growth batches, higher purity Nb ("Specpure") was

purchased from Johnson Matthey.5® This Nb is in the form of a much
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coarser powder, with grain dimensions on the order of 1 mm.

The rational for using very fine Nb and Ta powders was that such
small particles would assure a complete reaction. However, experience
with the Johnson Matthey Nb indicates that a complete reaction is
possible with courser Nb and the proper heating schedule. The Johnson
Matthey Nb is superior not only for its higher initial purity, but also
because its much smaller surface area per unit mass signifigantly
reduces the possibility of including adsorbed impurities in the crystal
growth tube. The tendency of the fine metal powder to adsorb vapor from
the atmosphere can readily be demonstrated by dumping a small amount on
the pan of an electronic balance. In one test, the weight of 0.5 g of
fine Nb powder increased by almost 2 mg in 2 minutes. This is
presumably due to adsorption of water. To minimize problems with
adsorbed water vapor, the later growth tubes have been filled in a

glovebox (Batches 23-39)%,

A small amount of excess Se is always included in the growth tube.
Typically 5-10 mg are used with a total charge mass of about 5 g. The
motivation for this is simply that at least a slight excess of either
metal or Se is inevitable, and excess metal is very detrimental, while
excess Se is usually harmless. Any excess metal atoms will intercalate,
or fit into the van der Waals gap between the layers.? This is known to
drastically reduce the superconducting transition temperature.6? On the
other hand, excess Se will usually remain in elemental form, condensing

out as small droplets as the crystal growth tube cools down. The use of

* For vapor-transport and anneal (phase diagram) experiments, which
involved prereacted Nb, _Ta_Se, powder, the tubes were not filled in
1-x""x" 72
the glovebox.
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excess chalcogen to insure proper stoichiometry is well known.2S

The only problem with using excess Se is that the triselenides
Nbeal_xSe3 can form if the temperature in the growth tube is low
enough. Triselenides can easily be recognized as they form very thin,
needle-like crystals.*,® Fortunately, they are only stable below a
certain temperature (Section III.3), so if the growth temperature can be

kept high enough they will not form.

When the tubes are being heated, the temperature should be turned up
rather slowly over the interval from 400°C to 550°C. The basic reaction
between the Nb and the Ta and the now molten Se occurs in this range,
and it is very exothermic (the heat of reaction is 150-200 kcal/mole).6
If the tubes are heated too rapidly, thermal runaway can occur,
resulting at worst in an explosion, or at least in a reaction of the
metal powders with the quartz tube. After 5509C is reached, the
temperature can be turned up to 900°C in e.g., 50°C jumps over several
days. The reason for heating to 900°C is to insure that the reaction
has gone to completion.€,7,3%,7% However, it is not a good idea to go
much beyond 800°C. This is because Nb and Ta can react with quartz at
higher temeratures.4?,78 If the heating is carried out slowly enough,
the metal-Se reaction should be essentially complete when 900°C is
reached. However, excess Se or other transporting agents present can
provide mobility to the metal atoms so that they can come into contact
with the tube wall. It appears that this will not cause a problem if
the maximum temperature is kept to about 900°C, but a definite reaction
can occur if the tubes are heated to around 1000°C. The reaction between

the metal and the quartz is catalyzed by the presence of water vapor in
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the tube,4?® and thus can be minimized by proper preperation of the tube

and its contents.

The tubes are kept at 900°C for about one week and then annealed at
a lower temperature to get the correct phase. At 900°C, Nbl_xTaxSe2 is
probably in the 4H phase (at least for most compositions) and an anneal
is required to get the 2H phase. After an anneal period of 7-10 days,
the furnace can be shut off and the door opened to allow the contents to
cool to room temperature. If the powder is to be used in subsequent
vapor transport growth, annealing to get the 2H phase is not important.
However, this anneal procedure is useful since it allows transition
temperature and phase diagram information to be obtained from
measurements of the powder. Tubes removed from the furnace should be
clear and contain a free-flowing, sparkly black powder of Nbl_xTaxSe2
crystallites, plus any excess Se condensed out on the tube wall as shiny
black droplets. 2 frosted tube wall indicates that the contents have

reacted with the quartz, and a very fine, non-sparkly powder indicates a

Se deficiency.52

Most early crystal growth tubes contained more elemental Se than the
small amount intentionally added, and also contained a small amount of

white powder located primarily on top of the main mass of Nbl_xTaxSe2

crystals. The probable explanation of this is that water vapor present

in the tube reacted with the contents to produce metallic oxides, H.Se,

2

and excess elemental Se, although it is possible that a reaction with
the quartz tube was involved. For these batches, a faint HZSe smell
(similar to HZS) was detected when the tubes were opened. The tubes are

therefore opened in a fume hood.
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The chemical composition of the white powder was never analysed.
However, it appears to have been caused by water vapor either directly
or indirectly, since any reaction with the gquartz tube should be
negligible without the catalytic influence of water vapor.*® The white
powder was eliminated by two procedural changes. The amount was
decreased when, starting with Batch 12, the growth tubes were preheated
to 1000°C, and the problem was virtually eliminated when, starting with
Batch 23, the tubes were filled in the glovebox. The use of the

coarser-grained Johnson Matthey Nb probably also helped.

When the Lindberg furnace was used, frequeﬂtly a few larger crystals
(diameters up to = 1 mm) were found near the end of the tube which was
closest to the door of the furnace. These crystals were apparently
grown by Se-vapor transport driven by the temperature gradient naturally
existing inside the furnace box. Observation of this "natural" vapor
transport was what motivated us to try Se transport in a more controlled
fashion in the Bruce furnace. Most of the good quality single crystals
obtained from powder-growth runs appear to have been produced by Se
transport. The main mass of crystals produced in such experiments
consists of heavily intergrown crystallites with diameters in the range
10-100 ym. It is very difficult to find any of these with the size and

especially the perfection required for ch(T) measurements.

Signifigant Se vapor transport was only seen in those earlier
powder-growth batches which contained additional excess Se due to the
accidental inclusion of water vapor in the growth tubes. It has not been
seen in those later batches where more care was taken in preparing and

filling the tubes.
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I11.2.5 Vapor-Transport Crystal Growth

This section describes certain details of those crystal growth
experiments which started with previously reacted Nbl_xTaxSe2 powder and
had the goal of producing larger crystals by vapor transport, using
either I or Se as the transport agent. As noted in the last section, a
certain amount of vapor transport was done “accidently" during earlier
powder-growth runs due to temperature nonuniformity in the Lindberg

furnace and the presence of excess Se.

In terms of the quality of the crystals produced, as measured by
their superconducting properties (Tc and the transition width), Se and I
transport seem to be comparable.* An important difference is the ease
with which the transport agent can be introduced into the growth tube.
Selenium has a sufficiently low vapor pressure at room temperature so
that pellets can simply be dropped into the growth tube along with the
prereacted powder. The tube can then be sealed onto the manifold and

evacuated as described in Section II1I.2.3 without any complications.

Getting iodine into an evacuated growth tube is much harder. Its
vapor pressure is such that it cannot be pumped on at room temperature
for any length of time without a large fraction of it being lost. &
further complication is that iodine tends to pick up water vapor from
the air. Several schemes were tried for introducing the iodine, the

following being the most successful.

* Thus any small amount of I incorporated into the crystal structure
appears to be an insignifigant source of crystalline imperfection in
this work.
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The iodine is sealed into small quartz ampules which are placed into
the growth tube along with the prereacted powder. These ampules are then
broken open during the tube-sealing procedure. The ampules are
fabricated from 4 mm OD quartz tubing and have a squiggly, "pigs-tail"
seal on one end. The ampules are filled in the glovebox using reagent-
grade iodine. A guantity of iodine is pushed into the ampules and they
are then connected through a liquid-nitrogen coldtrap to a mechanical
vacuum pump. A valve is then opened, allowing the pump to evacuate the
ampule. The pump is left running for approximately one minute, during
which time some of the iodine escapes. At this point the ampule is

sealed shut with an oxy-acetylene torch.

One of these sealed ampules is placed in each crystal growth tube
along with the prereacted Nbl_xTaxSe2 powder and this tube is then
connected to the manifold and evacuated as usual. The pig's-tail seal on
the iodine ampule is broken before the growth tube is sealed and removed
from the manifold. The best procedure utilizes a small iron weight
sealed in a Pyrex ampule which can be raised and lowered with a small
magnet. The tube is left to pump for about one minute after the ampule
is broken. Then a container of liquid nitrogen is placed around the
bottom of the growth tube to minimize any further iodine loss. The
ampule containing the iron weight is pulled out of the crystal growth

tube and it is sealed as usual.

The amount of transport agent used is not crucial. Generally about
5 mg per cm® of tube volume has been used (for both I and Se transport),
as is standard.® The heating procedures were outlined in Section III.1.

As a specific example, Figure 3-1 shows the temperature profile used for
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Batch 20. Also included is a sketch showing the tube location and where
the vapor-transported crystals were found. Transported crystals are
typically found over the region shown in Figure 3-1. The temperature
rises slightly at the cold end of the tube. This has been recommended
to prevent nuclation of crystals on the rounded end where the resultant
crowded conditions would be less then optimum.5! Vapor-transported
crystals have never been annealed after they are grown, therefore the

growth temperature always determines the resultant crystal phase.

The crystals are typically left to grow for five days. The furnace
is then shut off and the endplugs are removed to facilitate rapid
cooling. The tube are always cooled fairly quickly to preclude the
growth of triselenides caused by any excess Se present. It appears that
triselenides can grow quite quickly, over the several hours it otherwise

takes the furnace to cool down if it is left sealed.

II1.3 Nb, _Ta_Se, Phase Diagram
1-x""x

2

In Sections III.1 and III.2 the details of the crystal growth
procedures were discussed, but the actual temperatures used for growing
and annealing crystals were not considered in detail. The purpose of
this section is to remedy this omission by considering the phase
boundary between the desired 2H phase and the 4H phase which is stable
at higher temperatures. It is also necessary to consider the problems
caused by the existence of triselenides in choosing the powder-anneal

and vapor-transport growth temperatures.

The presence of triselenides can easily be determined visually, as
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they form 1long, thin, needle-like crystals. It is less easy to
differentiate between the 2H and 4H phases. Frequently, though, 2H and
4H Erystals adopt characteristically different morphologies. 2H
crystals tend to be thin hexagonal platelets, while 4H crystals, which
are also hexagonal, tend to be much thicker and have a faceted
appearence.’! However, many crystals, especially those in intergrown
powders, have a morphology somewhat in between these characteristic
forms. Therefore other methods of clearly differentiating between the
phases are required. We have wused powder =x-ray analysis and

superconducting transition temperature measurements.

III.3.1 X-Ray Measurements

Powder x-ray measurements have been carried out using copper Kc
radiation with a nickel-foil filter to block the KB radiation. There
are actually two Ka lines, with wavelengths of 1.5405 & and 1.5443 §,
and because of this a peak splitting is observed in our diffraction

recordings at larger angles. This splitting indicates good crystal

quality.

In principle, the measured line positions could be analyzed to
determine the lattice constants and the 1line inten§ities could be
analyzed to determine the basis-atom positions in the unit cell, thus
determining which polytypes are present. However, since the lattice
constants of NbSe2 and TaSe2 are very similar, it would require very
precise measurements and accurate machine setup to use the measured
lattice constants as an indicator of composition. Since other

researchers have determined that only the 2H and 4H polytypes are likely
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to be present (Section 1II.1.1), we have limited our analysis to
determining whether the 2H, the 4H, or both phases are present. Such an
analysis can be carried out very simply by comparing the measured
diffraction patterns to calculated spectra for the two phases. The
expected line positions can be easily calculated using Bragg's law in
the form )\ = 2dsin(@), where 2§ is the scattering angle, and d is the

spacing between the relevant atomic planes.?2

Certain of the calculated lines are systematically extinct.?
Specifically, if h-k = 3m, where m is any integer, then the
corresponding line will be extinct unless ¢ is an integral multiple of
the number of layers per unit cell. Here h, k, and ¢ are the Miller

indices of the atomic planes.

It is also important to note that for two hexagonal crystal
structures which are identical except that one c¢-axis unit cell
dimension is twice the other, the (h, k, 2) lines of the material with
the smaller unit cell will be at the same position as the (h, k, 2g2)
lines of the material with the larger unit cell. Thus a 4H line will
fall very nearly on top of each 2H line. A spectrum which shows only 2H
lines can be assumed to consist of only the 2H phase. However, a
spectrum which displays 4H lines may be either pure 4H or a mixture of
2H and 4H polytypes. This ambiguity is not a serious inconvenience
since the basic goal has been to determine the conditions under which
the pure 2H phase forms. For virtually all of the samples, all of the

observed lines coincide with one of the two calculated spectra.
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I111.3.2 Transition Temperature Measurements

Measurements of the superconducting transition temperature are also
very useful in determining which phases are present in various crystal
growth batches, since both the 2H and the 4H phases superconduct, but
with different transition temperatures (Tc). The measurement techniques
are described in detail in Chapter IV, and Tc as a function of

composition is discussed in Chapter VI.

Transition temperature measurements have provided several pieces of
useful information for the crystal growth work. In fact, the existence
of two transitions in some samples was the original clue that the
crystals were not all of the 2H phase. Subsequent x-ray work clearly
showed the presence of the 4H phase in some samples. The Tc
measurements complement the x-ray measurements nicely, since using our
simplified data analysis technique, the latter cannot distinguish
between a batch which is pure 4H and a 2H-4H mixture. Also, Tc can be

measured on single crystals as well as powders.

Because of the high sensitivity of the Tc measuring apparatus, even
fairly small single crystals can be examined individually. Such single-
crystal measurements show that in batches where both the 2H and the 4H
phases are present, some crystallites may be either phase, while other
crystallites individually contain both phases. The Tc measurements
indicate that virtually all of the crystal growth conditions we have

used produce either pure 2H material, or a 2H-4H mixture.

Another useful feature of Tc measurements is that the width of the

- transition may be taken as a simple measure of crystal quality. Using
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this criteria, it soon became apparent that larger, and especially
thicker, crystals are not of as high a quality as relatively smaller,
thinner crystals. It is possible to grow large and thick 2H crystals
using vapor transport (diameters up to 2 mm or larger, and thicknesses
greater then 100 uym). In fact, there is no intrinsic limit to the size
crystals which can be produced by vapor transport (other than the tube
diameter). However, none of these larger cfystals were good enough for
the critical field studies. The transition temperature was measured for
12 samples which had diameters larger then 1.5 mm. They all appeared
visually to be good quality crystals, but none were acceptable for
critical field measurements. The transition temperature was either

incorrect or the transition was too broad or displayed some structure.

III.3.3 Experimental Phase Diagram

Figure 3-2 shows the experimental points which distinguish the phase
boundary between the pure 2H and the mixed 2H-4H regions as a function
of composition. These points were determined by a combination of x-ray
and 'I‘c measurements of samples where the crystal growth (or anneal)

temperature could be accurately determined.

The general outline of the phase diagram was discussed in Chapter
II. The 2H phase of NbSe2 is stable to quite high temperatures; values
in the literature range from 825°C © to 9000C 47, However, the
temperature of the phase boundary decreases as the Ta content increases.
This increasing stabilization of the 4H phase is similar to the behavior

seen in the Nb_Ti. _Se_ system.?3
X" 71-x"72

1
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It appears that the presence of excess Se increases the stability of
the 4H phase.?4 The amount of excess Se used varied somewhat from batch
to batch and this may account for some of the raggedness of the phase
boundary defined by the experimental points in Figure 3-2. Therefore,
Figure 3-2 should represent the phase boundary in the presence of a

fairly small amount of excess Se; about 5-10 mg per tube.

The only data reported in the 1literature for the 2H-4H phase
boundary in the Nbl_xTaxSe2 system is the work of Ikebe, Katagiri, Noto,
and Muto.?5 They grew crystals by iodine-vapor transport at 7509C, and
found that the compositions NbSeZ, Nb.esTa.ossez' a.IOSe2

formed in the 2H phase, while both phases were present for

and Nb.goT

Nb 8oTa 20Sez, and apparently only the 4H phase was present for

Nb 7O'Ia 305e2. These observations are consistent with those presented

here.

The basic reason for determining the phase boundary is that if the
crystals are grown at too low a temperature in the presence of excess
Se, triselenides can form. Since at least a small amount of excess Se
is desirable to insure stoichiometry, the crystals should be grown or
annealed at as high a temperature as is commensurate with getting the 2H
phase. When triselenide does form, it tend to grow in the coldest part
of the tube, which is exactly where any vapor-transported crystals will
be found. Thus there is a fairly high probability that the triselenide

would grow on, and ruin, any transported crystals present.

The exact temperature at which triselenides form seems to depend

- sensitively upon the amount of Se present, and only weakly, if at all,

upon composition. For the amounts of excess Se typically used in the
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powder-growth tubes, (5-10 mg per tube) triselenides seem to be stable

at temperatures in the range 710°C-730°C and below.

Because of the possibility of triselenide growth, an important
question concerns the composition range over which 2H crystals can be
grown by Se vapor transport. At hicher Ta contents the growth
temperature must be lowered, and the risk of triselenide formation
increases. Only a partial answer can be given. The results of Batch 7
clearly indicate that Se transport of Nb.aoTa.ZOSe2 is possible.
However, this was an early powder-growth batch, where the amount of
excess Se was only roughly known; it is estimated to be 5 mg per cm3 of
tube volume. This batch was grown in the Lindberg furnace. The
temperature at the end of the tube where the transported crystals grew
can be estimated to be 725°C. Thus, while it is clear that Se vapor
transport can be used to produce 2H crystals for compositions up to
Nb.BOTa.ZoseZ' the conditions necessary for this have not been precisely

determined.

III.4 Conclusions Regarding Crystal Growth

The procedures used to grow crystals of Nbl_xTaxSe2 evolved
considerably over the course of this work, primarily as the result of
the attempt to reduce the amount of impurities included with in the
crystal growth tubes. & measure of the extent to which this succeeded
in improving crystal quality is the change in the widths of the
transitions to the superconducting state. Figure 3-3 shows the width of

the transition for samples containing many crystallites from the various

powder-growth experiments. These "bulk" samples were made by taking a
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% number of crystallites from each tube after the contents had been well
 mixed. The resultant Tc and transition width should be representative
| of all the crystals in that particular tube. Tubes which were partially
4H, all the vapor-transport batches, and the anneal experiments which
utilized previously reacted materials have not been included here. The
widths decrease for later batches implying that the efforts to improve
~ the purity of the batches have indeed produced positive results. This
diagram does not show the transition widths of selected single crystals,
which are narrower than the transition widths of powder samples and also

tend to be smaller for the later batches.



IV. Low-Temperature Experimental Technique

This chapter describes the experimental techniques and apparatus
vhich have been used to measure the transition temperatures of the
Nbl_xTaxSe2 samples, both in zero field and in large dc magnetic fields.
First a brief summary will be made of the various methods which are
available for measuring the superconducting-to-normal phase transition.
Special emphasis will be placed on the requirements for measuring small
samples, since as was noted in Chapter III, the highest quality
l\IJ::l_xTaXSe2 crystals produced are quite small, typically only several
hundred microns in diameter and = 20 ym thick. Following this
introduction, the sensitive frequency-shift-detection ac susceptibility
apparatus developed for this study will be described in detail. Then
the thermometry and the superconducting magnet system will be discussed.
The chapter will conclude with a discussion of the setup used at the
National Magnet Lab at MIT, where measurements were made in fields up to

150 kG.

IV.1 Basic Technigues For Measuring Tc

The three main techniques which have been traditionally used to
detect the superconducting-to-normal phase transition are measurements
of the resistivity, the heat capacity, and the magnetic susceptibility

or magnetization. Usually resistivity measurements are the easiest to

~carry out. However, since the only requirement for measuring zero
- resistance is one continuous superconducting path between the voltage

- leads, resistance measurements are the least reliable. 1In addition, for

very small samples (with dimensions on the order of 100 ym) two problems
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arise which complicate the measurements. First, connection of the
voltage and current leads is obviously difficult. Second, the sample

size dictates that the voltage leads be very close together. For some

. materials, such as high quality single crystals with a low resistivity

just above Tc’ the voltage in the normal state can be in the nanovolt

range, given that the current must be kept low enough so that it does

- not unduly supress Tc'

Heat capacity measurements are in principle the most reliable method
for determining the transition temperature, as they are true bulk
measurements. However, heat capacity measurements of small samples
require fairly complicated cryostats.?6-78 In addition, operation in
large magnetic fields can be difficult, due to the effect of the
magnetic field on thermal and electrical conductivities. The state-of-
the-art in small-sample heat capacity measurement techniques has

recently been reviewed by Stewart.?8

Measurements of the magnetic susceptibility rely on detecting the
diamagnetism of the superconducting state. All superconductors appear
perfectly diamagnetic in a vanishingly small magnetic field, neglecting
the field penetration into the sample a distance equal to the magnetic
field penetration depth )\ (typically of order 100 nm). Ideal type II
superconductors are only perfectly diamagnetic below the lower critical
field Hcl.* For fields between Hcl and the upper critical field ch the

magnitude of the dc magnetization decreases uniformly to the normal-

state value. BAny attempt to determine Hc by a dc susceptibility

2

technique therefore amounts to determining the change in slope of the

* Hcl(T) and ch(T) are introduced in Chapter V.






